ABSTRACT: We aimed to develop an in vitro model for bone implant loosening, allowing analysis of biophysical and biological parameters contributing to mechanical instability-induced osteoclast differentiation and peri-implant bone loss. MLO-Y4-osteocytes were mechanically stimulated for 1 h by fluid shear stress using regimes simulating: (i) supraphysiological loading in the peri-prosthetic interface (2.9 AE 2.9 Pa, 1 Hz, square wave); (ii) physiologic loading in the cortical bone (0.7 AE 0.7 Pa, 5 Hz, sinusoidal wave); and (iii) stress shielding. Cellular morphological parameters, membrane-bound RANKL expression, gene expression influencing osteoclast differentiation, nitric oxide release and caspase 3/7-activity were determined. Either Mouse bone marrow cells were cultured on top of loaded osteocytes or osteocyte-conditioned medium was added to bone marrow cells. Osteoclast differentiation was assessed after 6 days. We found that osteocytes subjected to supraphysiological loading showed similar morphology and caspase 3/7-activity compared to simulated physiological loading or stress shielding. Supraphysiological stimulation of osteocytes enhanced osteoclast differentiation by 1.9-fold compared to physiological loading when cell-to-cell contact was permitted. In addition, it enhanced the number of osteoclasts using conditioned medium by 1.7-fold, membrane-bound RANKL by 3.3-fold, and nitric oxide production by 3.2-fold. The stimulatory effect of supraphysiological loading on membrane-bound RANKL and nitric oxide production was higher than that achieved by stress shielding. In conclusion, the in vitro model developed recapitulated the catabolic biological situation in the peri-prosthetic interface during instability that is associated with osteoclast differentiation and enhanced RANKL expression. The model thus provides a platform for pre-clinical testing of pharmacological interventions with potential to stop instability-induced bone implant loosening. Keywords: osteocyte; osteoclast; implant; osteolysis; RANKL Aseptic loosening is the most common cause for revision surgery in knee and hip arthroplasty. Besides wear debris particles, implant migration and mechanical instability are important risk factors for bone implant loosening where areas of unloading (stress shielding) and supraphysiological loading (peri-prosthetic interface) are associated with bone loss. Implant-induced stress shielding induces unloaded areas due to restricted strain energy densities in the bone tissue, 1,2 which results in bone loss. On the other hand, small gaps in the peri-prosthetic interface can lead to peak shear stresses during the gait cycle that are several orders of magnitude higher compared to physiological shear stress on osteocytes and osteoblasts.
Aseptic loosening is the most common cause for revision surgery in knee and hip arthroplasty. Besides wear debris particles, implant migration and mechanical instability are important risk factors for bone implant loosening where areas of unloading (stress shielding) and supraphysiological loading (peri-prosthetic interface) are associated with bone loss. Implant-induced stress shielding induces unloaded areas due to restricted strain energy densities in the bone tissue, 1,2 which results in bone loss. On the other hand, small gaps in the peri-prosthetic interface can lead to peak shear stresses during the gait cycle that are several orders of magnitude higher compared to physiological shear stress on osteocytes and osteoblasts. 3 These gaps are also associated with bone loss. Currently, the potential role of supraphysiological loading in aseptic implant loosening, in addition to wear debris, remains to be elucidated, as well as the cellular and physical mechanism behind high mechanical load-induced osteoclast differentiation.
Using an animal model for instability induced osteolysis we have been able to demonstrate that pressurized fluid flow induces osteoclast differentiation and bone loss. [4] [5] [6] The disadvantages of these in vivo experiments is that they are often time consuming and the animals are exposed to elevated stress levels due to surgical procedures. Furthermore, studies on the response to pressurized fluid flow on a defined cell population are complicated due to the complexity of the in vivo situation. Only one in vitro model is currently available that mimics the in vivo situation in the bone-implant interface. Oscillatory fluid flow on murine RAW 264.7-derived osteoclastic cells induces an upregulation of osteoclastic activity. However, the loading in this study was not uniform over the well plate surface and therefore difficult to control. 7 Furthermore, the model did not test the response of other bone cells than osteoclasts under loading, while osteocytes are known to tightly regulate osteoclast formation and activity. 7 Understanding osteocyte-specific responses to supraphysiological loading that result in osteoclast differentiation will contribute to the development of improved treatment interventions for bone implant loosening. Therefore, we developed an in vitro model for bone implant loosening, which allows analysis of biophysical and biological parameters in a controlled manner involved in osteoclast differentiation and bone loss.
The osteocytes embedded in the mineralized bone matrix surrounding orthopedic implants sense mechanical stimulation within the lacunar-canalicular system and convert the mechanical stimuli into anabolic or catabolic signals. This way, the osteocytes orchestrate the balance between bone formation by osteoblasts and resorption by osteoclasts, and thus determine whether bone mass is gained or lost. The crucial role of osteocytes in determining unloadinginduced bone loss has been demonstrated in mice with targeted osteocyte ablation. 7, 8 The osteocyte-less mice developed fragile bone, similar to osteoporotic conditions, but they did not lose bone in the hind limbs after tail suspension. However, they gained bone mass after reloading, indicating a specific role for osteocyte communication with osteoclasts. 7, 8 Multiple factors are involved in communication of osteocytes towards osteoclasts, such as nitric oxide (NO) and prostaglandin E 2 (PGE 2 ). NO and PGE 2 are released in the extracellular environment within minutes after the start of a physiological mechanical stimulus. 9 These factors affect bone mass to some extent, but the key factor in determining the number of osteoclasts, especially in cancellous bone, is osteocyte-produced RANKL. 10 Similar to RANKL in its soluble form, membrane-bound RANKL also plays a role in inducing osteoclast differentiation. 11, 12 Osteocytes extend their cellular extensions into the marrow cavity, allowing direct cellto-cell contact with osteoclast precursors.
13,14 RANKL mRNA expression is changed upon mechanical loading, 15, 16 but little attention has been payed thus far to changes in expression of membrane-bound RANKL in response to mechanical stimuli. The decoy receptor for RANKL, osteoprotegerin (OPG), is released by osteocytes upon physiological mechanical loading.
Based on our previous animal model for instabilityinduced osteolysis, and the complex mechanical and biological situation in animals, the goal of the present study was to create an in vitro model to apply supraphysiological loading in a controlled environment, and offer a platform to test pharmacological interventions. We used this novel in vitro system for bone implant loosening to compare the induction of osteoclast differentiation after application of simulated supraphysiological loading, stress shielding (unloading), or physiologic loading on MLO-Y4 osteocytes.
MATERIALS AND METHODS

Generation of an In Vitro Model for Bone Implant Loosening
To create loading regimes, we used protocols applied in animal experiments as well as clinical observations of gait frequency around a loose prosthesis and intact bone corresponding to mimic: (i) supraphysiological loading in the periprosthetic interface 4, 17 ; (ii) physiological loading in the cortical bone 18 ; and (iii) stress shielding in particular areas around the prosthesis. In the in vitro model for bone implant loosening ( Fig. 1 ), we modified a pulsating fluid flow setup (PFF) as described by Klein-Nulend et al. 19 to generate fluid shear stress. This setup was used to mechanically stimulate MLO-Y4 osteocytes using supraphysiological loading (2.9 AE 2.9 Pa, 1 Hz, square wave), physiological loading Figure 1 . Schematic of the in vitro model for bone implant loosening. The model has been adapted from Klein-Nulend et al. 19 The cell-seeded glass slides was assembled in the parallel flow chamber (A), which was connected to gear pump (B) regulating the fluid flow regimes (square and sinusoidal waveform (C)). A fluid flow meter (D) was connected before and after the chamber to estimate the flow the cell experience in the chamber (E). Fluid flow profiles as recorded values, before (dark red in supraphysiological loading and dark blue in physiological loading) and after (light orange in supraphysiological loading and light blue in physiological loading) the chamber. After flow regimes, bone marrow cells were seeded on the top of loaded MLO-Y4 osteocytes, or cultured in presence of condition media from loaded MLO-Y4 osteocytes, to assess osteoclast differentiation. (0.7 AE 0.7 Pa, 5 Hz, sinusoidal wave), and stress shielding (unloading). The square wave was chosen to mimic the loading pattern as applied in an established animal model for overloading-driven implant loosening in rats, where the fluid pressure rose extremely rapid, followed by a plateau, reminiscent of a square wave. 4 In addition, bone cells in vitro are strongly stimulated by fluid shear stress applied rapidly, i.e., with a high shear stress rate, 18 as occurs in a square wave. Physiological loading was applied as a sinusoidal wave, more reminiscent of ground reaction forces observed during gait, at a frequency of 5 Hz. Bacabac et al. used the results from Bergman et al., 20 in which forces on a human hip were measured using strain sensors. The frequency spectra of the resultant forces on the hip showed a rich harmonic content ranging between 1 and 3 Hz for walking cycles and reaching 8-9 Hz for running cycles. Hence, we chose 5 Hz as a frequency that lies in between human walking and running. 18 PFF was generated by pumping 16 ml of culture medium, consisting of a-minimum essential medium (a-MEM; Life Technologies, Gibco, MA) with 2.5% fetal bovine serum (FBS; GE Healthcare Life Sciences, Hyclone), 2.5% calf serum (CS; GE Healthcare Life Sciences, Hyclone) and 1% Antibiotic Antimitotic (penicillin/streptomycin/fungizone (PSF); GE Healthcare Life Sciences, Hyclone), through a parallel-plate flow chamber (65 Â 24 Â 0.3 mm).
The dynamics of the fluid in the system containing the parallel-plate flow chamber used for cell stimulation, was recorded with ME3PXN320 inline flow sensors (Transonic Europe B.V., Elsloo, Netherlands) using a pulsatile volume flow outlet of a TS410 Tubing Flow Module back-panel terminal block (Transonic Europe B.V., Elsloo, Netherlands) with a 0.1 Hz Filter at a normal flow scale for 30 s (Fig. 1) . The recording was repeated three times, and data were recorded as amplitude in volt. Calibration of the volume output at different voltage input to the micro-annular gear pump mzr-7205 (HNP Mikrosysteme, Schwerin, Germany) was recorded and used to translate the recorded voltage measurements into flow rate. Peak wall shear stress (t PEAK ), has been calculated using the recorded positive peak values by the flow meter while mean wall shear stress (t AV ) was calculated using the average of 30,000 recorded values of three measurements. The formula t PEAK OR AV ¼ Qm/bh 2 was used, while Q ¼ flow rate, m ¼ viscosity, b ¼ channel width and h ¼ channel height.
MLO-Y4 Osteocyte Culture MLO-Y4 osteocytes (kindly provided by Dr. Bonewald) were cultured in a-MEM supplemented with 5% FBS, 5% CS, and 1% PSF at 37˚C and 5% CO 2 in air in a humidified incubator.
MLO-Y4 osteocytes at passage 31-33 were harvested using 0.05% trypsin-EDTA (Life Technologies, Gibco, MA), and seeded at 1.3 Â 10 3 cells/cm 2 on polylysine-coated (50 mg/ ml poly-L-lysine hydrobromide; Sigma-Aldrich, Stockholm, Sweden) glass slides (15 cm 2 ) in a-MEM with 10% FBS and 1% PSF to allow primary cell attachment. Cells adhesion was allowed overnight in 15 ml a-MEM with 5% FBS, 5% CS, and 1% PSF.
Study Design MLO-Y4 osteocytes were exposed to supraphysiological loading, physiological loading, or stress shielding (n ¼ 6). Medium samples were taken at 5, 15, and 60 min after the start of supraphysiological loading, physiological loading, or static control culture to quantify medium RANKL, PGE 2 , OPG, and NO concentrations. The remaining conditioned medium of all cultures was collected, sterile filtered, aliquoted, and stored at À20˚C until further use for osteoclast formation experiments. The MLO-Y4 osteocytes on the glass slides were harvested with TRIzol TM (Sigma-Aldrich) and stored at À80˚C for cDNA formation and qPCR analysis, lysed in double-distilled water (ddH 2 O), and stored at À20˚C for caspase 3/7 and DNA quantification, or fixed in 0.4% formaldehyde solution (Sigma-Aldrich), and stained for membrane-bound RANKL as described below.
Analysis of Released Factors in Condition Medium
NO was measured as nitrite (NO 2 À ) accumulation in the medium using Griess reagent containing 1% sulfanilamide (Sigma-Aldrich), 0.1% (naphtylethelene)diamine-dihydrochloride (Sigma-Aldrich), and 2.5 M Phosphoric acid (H 3 PO 4 ; Sigma-Aldrich). Serial dilutions of NaNO 2 (Sigma-Aldrich) in a-MEM were used as a standard curve. Absorbance was measured at 540 nm. Protein levels of PGE 2 were measured using a prostaglandin E 2 competitive ELISA kit with high sensitivity (Abcam, Cambridge, United Kingdom). RANKL protein levels were measured using a mouse RANKL ELISA kit with a dynamic range of 1.4-70 pg/ml (Abbexa, Cambridge, United Kingdom) according to the manufacturer's instructions. OPG protein levels were measured using a mouse osteoprotegerin/TNFRSF11B Quantikine ELISA Kit (R&D Systems Sweden., Oxford, United Kingdom) according to the manufacturer's instructions. The absorbance was measured using a Versa Max Plus microplate reader (Molecular Devices, CA).
The Relative Concentration of Caspase 3/7 and DNA Quantification The relative concentration of caspase 3/7 content was measured using a Caspase-Glo 1 3/7 Assay (Promega, WI) according to the manufacturer's instructions. The DNA content was measured using a CyQUANT 1 Cell Proliferation Assay Kit (Life Technologies, MA) according to the manufacturer's instructions.
RNA Isolation and Real-Time qPCR
Total RNA was extracted using TRIzol (Sigma-Aldrich, Stockholm, Sweden). The concentration of mRNA and DNA contamination via 260/280 nm ratio was measured using a NanoDrop TM Spectrophotometer (Saveen Werner, Limhamn, Sweden) with the ND-1000 Software (NanoDrop Technologies, DE) before being converted to cDNA using a high capacity cDNA reverse transcription kit (Life Technologies, MA) according to the manufacturer's instructions. qRT-PCR analysis was performed with a 7500 Fast Real-Time PCR System (Applied Bioscience, MA) using Taqman gene expression assays with a FAM-MGB dye (Thermos Fischer Scientific, MA) for osteopontin (OPN, Mm00436767_m1), runtrelated transcription factor-2 (RUNX2, Mm00501584_m1), osterix (Sp-7, Mm04209856_m1), osteonectin (SPARC, Mm00486332_m1), alkaline phosphatase, (ALP, Mm00475834_m1), marker of proliferation Ki-67 (Ki-67, Mm01278617_m1), tumor necrosis factor (ligand) superfamily, member 11 (RANKL, Mm00441906_m1), osteoprotegerin (OPG, Mm01205928_m1), prostaglandin-endoperoxide synthase-2 (COX-2, Mm00478374_m1), and interleukin-6 (IL-6, Mm00446190_m1).
Ribosomal protein S18 (RPS18, Mm02601777_g1), and tyrosine 3-monooxygenase/tryptophan SUPRAPHYSIOLOGICAL LOADING INDUCES OSTEOCYTE-MEDIATED OSTEOCLASTOGENESIS 5-monooxygenase activation protein zeta (YWHAZ, Mm03950126_s1) were quantified as housekeeping genes as they remained stable between different loading regimes. The concentration of the gene of interest was calculated using a standard curve of serially diluted cDNA from mouse embryo or spleen to correct for PCR efficiency. Gene expression was normalized using a calculation based on the square root of the product formed by RPS18 and YWHAZ.
Quantification of Membrane-Bound RANKL and Cell Morphology Analysis MLO-Y4 osteocytes attached to glass slides were fixed in 0.4% formaldehyde at room temperature (RT), blocked with serum-free protein block (DAKO, Glostrup, Denmark) for 30 min at RT, and incubated with rabbit polyclonal antibody against full length RANKL of human origin (1:250, Santa Cruz Biotechnology, Dallas, TX) overnight at 4˚C in a humidified incubator. RANKL detection was performed using goat anti-rabbit IgG (FITC) antibody (1:100, Santa Cruz Biotechnology) at RT for 1 h and DAPI (1:100 (vol:vol); Life Technologies, Molecular Probes, OR) at RT for 5 min.
Slides were examined using an Axiovert 200M inverted microscope (Carl Zeiss, Oberkochen, Germany) with an alpha Plan-Apochromat 63x/1.46 Oil Korr M27 objective, and AxioCam MR Camera (Carl Zeiss, Oberkochen, Germany). The exposure time of the according fluorophore was constant for all sets of images.
To analyze membrane-bound RANKL, all images were preprocessed identically in a blinded manner to reduce the background and enhance the signal for the whole image using ZEN2 Software (Carl Zeiss, Oberkochen, Germany). The morphological parameters, e.g., area, perimeter and feret's diameter, were determined using Fiji ImageJ (National Institutes of Health, Bethesda, MD). Five glass slides for each treatment were analyzed, i.e., 20 random spots to determine the morphological parameters and the corrected total cell fluorescence (CTCF) of the membrane-bound RANKL, and 5 random spots were used to as negative control to correct for staining threshold caused by unspecific bound detection antibody. The CTCF of the membrane-bound RANKL staining was calculated using the following equation: Integrated cell density-(area of selected cell Â mean integrated density of background readings). 21 Osteoclast Assay Mouse Bone Marrow Co-Culture Bone marrow cells from femurs and tibiae of 5 weeks-old male mice (c57bl/6; Janvier Labs, Saint-Berthevin Cedex, France) were harvested, and seeded on top of MLO-Y4 osteocytes immediately after mechanical stimulation, at a density of 1 Â 10 6 cells/cm 2 in a-MEM with 10% FBS and 1% PSF. Medium was changed after 3 days. At day 6, cells were fixed with 4% formaldehyde at RT. Ethical approval (#4-15) was obtained from Link€ oping Regional Animal Ethics Board.
Osteoclast Formation Assay
Bone marrow cells of 7 weeks-old male mice (c57bl/6, Janvier Labs, Saint-Berthevin Cedex, France) were cultured at a density of 1 Â 10 5 cells/well in 96 well plates (Corning, NY) in 75 ml culture medium (a-MEM with 10%FBS and 1% PSF). Thawed conditioned medium from PFF or static control cultures was added (1:1 (vol:vol)) to fresh culture medium. All wells, except negative controls, contained 30 ng/ml recombinant murine macrophage colony-stimulating factor (M-CSF, R&D systems, Minneapolis, MN) and 20 ng/ml recombinant murine RANKL (RANKL-TEC, R&D systems, MN). Both culture medium and conditioned medium was replaced after 3 days. At day 6, cells were fixed in 4% formaldehyde, and stained for tartrate-resistant acid phosphatase (TRACP) according to the manufacturer's instructions (Sigma-Aldrich). Nuclei were visualized by staining with 40.6-diamidino-2-phenylindole (DAPI; Life Technologies, MA).
Osteoclast Formation
Osteoclast formation was assessed by counting the number of TRACP-positive multinucleated cells (Sigma, Stockholm, Sweden) that were clearly separated and contained 3 or more nuclei per cell using an Axio Vert.A1 fluorescence microscope (Carl Zeiss, Oberkochen, Germany) with an N-Achroplan 20x/0.45 M27 objective (Carl Zeiss, Oberkochen, Germany). The number of osteoclasts on each whole glass slide was determined.
Statistics
A one-way ANOVA with Bonferroni correction has been used to examine statistical differences using IBM SPSS statistics, version 24.0.0.0 (IBM Cooperation, NY). Graphs have been created using GraphPad Prism 7 for Windows, version 7.01 (GraphPad Software, Inc., CA). All data analyzed were normalized to the physiological loading prior statistical testing. Data are presented as mean AE standard deviation (SD). A p-value <0.05 was considered to be statistically significant.
RESULTS
Generation of an In Vitro Model for Bone Implant Loosening
Fluid flow profiles were recorded before the entrance and after the exit of the parallel-plate flow chamber, and provided as average values. Supraphysiological loading had a flow velocity that was 4.1-fold higher, and the wall shear stress rate that was 8.8-fold higher compared to physiological loading (Fig. 1, Table 1 ).
Supraphysiological Loading Did Not Alter Cell Morphology, Viability or Apoptosis
To test if supraphysiological loading induces a cellular response due to damage of MLO-Y4 osteocytes, changes in cell morphology, apoptosis, and mRNA expression of Ki67, IL-6 and COX-2 were determined and compared with physiological loading and stress shielding.
Sixty minutes of supraphysiological loading on MLO-Y4 osteocytes did not change the cell area, cell perimeter or cell feret's diameter compared to physiological loading or stress shielding. The DNA content and expression of the proliferation marker Ki67 were similar in mechanical loaded and stress shielded cultures. The amount of cleaved caspase 3/7 activity as a measurement for apoptosis was not changed after supraphysiological loading compared to physiological loading and stress shielding, nor was gene expression of the inflammatory markers IL-6 or COX-2 affected (Fig. 2) . compared to physiological loading by 3.3-fold, and compared to unloaded stress shielding by 1.7-fold. MLO-Y4 osteocytes exposed to stress shielding also showed increased RANKL expression compared to physiological loading by 1.9-fold (Fig. 3) .
Supraphysiological Loading of MLO-Y4 Osteocytes
In the co-culture system of bone marrow cells with MLO-Y4 osteocytes, a 1.9-fold increase in the number of TRAPC-positive osteoclasts was observed after supraphysiological loading compared to physiological loading, and a 1.5-fold decrease compared to stress shielding. Stress shielding of osteocytes resulted in 2.9-fold higher numbers of TRAPC-positive osteoclasts compared to physiological loading (Fig. 3) .
Supraphysiological Loading of MLO-Y4 Osteocytes Enhanced Osteoclast Differentiation Through Factors Released in the Medium
Conditioned medium from MLO-Y4 osteocytes exposed to supraphysiological loading enhanced the number of TRAPC-positive osteoclasts by 1.7-fold compared to physiological loading, but not after stress shielding (Fig. 4) .
Supraphysiological loading enhanced NO production by MLO-Y4 osteocytes by 2.7-fold at 5 min, 2.9-fold at 15 min, and 2.3-fold at 60 min compared to physiological loading. NO production was enhanced 33-fold at 5 min, 43-fold at 15 min, and 58-fold at 60 min compared to unloaded stress shielding. NO release was suppressed by stress shielding by 12.2-fold at 5 min, 14.8-fold at 15 min, and 25-fold at 60 min compared to physiological loading (Fig. 4) . Total sRANKL and PGE 2 protein concentrations in the conditioned medium measured 60 min after the start of the different mechanical were similar between loading regimes (Fig. 4) . Supraphysiological loading enhanced total OPG protein production by MLO-Y4 cells 7.1-fold more (26.8 AE 13.2 pg/ml) than physiological loading (3.8 AE 1.9 pg/ml) and 3.7-fold more than stress shieling (7.2 AE 3.8 pg/ml), resulting in a significant reduction in RANKL/OPG ratio (Fig. 4) . However, total OPG protein concentration in the conditioned medium after 60 min was generally low (Fig. 4) , with five out of six samples in physiological loading and two out of six samples in stress shielding below 6.9 pg/ml.
Supraphysiological Loading of MLO-Y4 Did Not Alter mRNA Expression of RANKL and OPG or Genes Related to
Osteoblast Differentiation Stage RANKL and OPG mRNA expression was not changed by any of the loading regimes compared to physiologi- Figure 2 . Supraphysiological loading did not alter cell morphology, viability or apoptosis. Supraphysiological loading of MLO-Y4 osteocytes did not result in any changes in morphological parameters such as cell area (A), feret's diameter (B) or cell perimeter (C) in comparison to physiological loading or stress shielding. Viability of MLO-Y4 osteocytes was investigated using DNA content after stimulation (E), activity of the apoptotic caspases 3 and 7 (D) and gene expression of the proliferation marker Ki-67 (F). Gene expression COX-2 (G) and the inflammatory marker IL-6 (H) was not altered after supraphysiological loading. n ¼ 6 per group, data were normalized to physiological loading, one-way ANOVA with Bonferroni correction. cal loading after 60 min of loading. Gene expression of osteoblast differentiation markers, e.g., Runx-2, SP-7, ALP, OPN, and SPARC were also not affected by any of the mechanical loading regimes (Fig. S1 ).
DISCUSSION
We developed a new in vitro model for bone implant loosening, which is able to simulate supraphysiological loading as it occurs in the peri-prosthetic interface in patients undergoing prosthetic revision surgery, [22] [23] [24] but also determined using human samples post-mortem. 3, 25 In this new model, we demonstrated that similar pathophysiological mechanisms are involved in overloading-induced and stress-shielding related bone loss, which have been discussed previously in animal models for instability-induced prosthetic loosening, where a high fluid flow rate at the peri-implant surface was associated with enhanced osteoclast differentiation and bone loss. 4, 5, 26, 27 Supraphysiological loading on MLO-Y4 osteocytes elevated the expression of membrane-bound RANKL, and the secretion of soluble factors by osteocytes into the conditioned medium, which increased osteoclast differentiation compared to physiological loading, while osteoclast differentiation was similar compared to stress shielding.
Bone marrow cells placed on top of mechanically loaded MLO-Y4 osteocytes increased the number of TRACP-positive multinucleated osteoclasts in cultures with osteocytes exposed to supraphysiological loading compared to physiological loading. Osteocyte-mediated osteoclastogenesis is classically linked to RANKL production. We found no increase in soluble RANKL in the culture medium as a result of the different loading regimes. However, the increase in osteoclast number in those experiments where osteoclast precursors were cultured in contact with mechanically-stimulated osteocytes might be related to increased expression of membrane-bound RANKL found on supraphysiologically stimulated osteocytes. 28 The balance between available RANKL and OPG protein determines the potential for RANKL to stimulate osteoclastogenesis. We found that supraphysiological loading enhanced membrane bound RANKL, but also strongly stimulated OPG secretion, which could explain why osteocyte-stimulated osteoclastogenesis was more abundant in response to stress shielding compared to supraphysiological loading. These findings are in line with results obtained in an animal model for instabilityinduced osteolysis, where the RANKL inhibitor OPGFc completely blocks osteoclast differentiation and bone loss. 17 Several mechanisms for enhancement of RANKL expression and osteoclast differentiation have been reported. Apoptosis stimulates locally elevated RANKL levels within the bone matrix in an animal model for fatigue-induced targeted bone remodeling. 10, 29 A crucial role of apoptosis in bone loss has been demonstrated by using pan-caspase inhibitors, which completely block osteoclast differentiation. [29] [30] [31] However, we did not observe MLO-Y4 osteocyte apoptosis in cells exposed to supraphysiological loading, as measured by quantification of caspase 3/7 expression, DNA content and cell morphology, directly after Images were preprocessed identically in a blinded manner to reduce the background and enhance the signal for the whole image using ZEN2 Software. Sixty minutes of supraphysiological loading (B) showed an increased expression of membrane-bound RANKL than physiological loading (C) as well as stress shielding (D). Analysis was performed using corrected total cell fluorescence method [A] . Direct cell-to-cell communication between mechanically stimulated MLO-Y4 osteocytes and bone marrow cells was investigated using a co-culture system for 6 days (E). Supraphysiological loading [F] resulted in an increased formation of TRAPC positive, multi-nucleated osteoclasts than physiological loading, but less than in stress shielding (H). n ¼ 5 per group for membrane bound RANKL, n ¼ 6 per group for MLO-Y4 Co-Culture, data were normalized to physiological loading. 60 min of mechanical loading. OPG has been described as a crucial factor for subcellular trafficking of membrane-bound RANKL from the Golgi apparatus to the cellular membrane via lysosomal storage compartments, 32 potentially explaining the increase in membrane bound RANKL found with supraphysiological loading. How it is possible that OPG protein in the culture medium was enhanced while PCR showed no changes in gene expression is unknown. In general proteins can be released from intracellular stores such as the ER, vesicles, or the glycocalyx, upon an abundance of stimuli.
The current model provides new input for the mechanostat theory which postulates that the lack of mechanical loading induces pro-osteoclastic signals resulting in bone loss, and the presence of mechanical loading induces an anabolic reaction leading to bone gain. The increased osteoclast differentiation in our in vitro model for bone implant loosening is related to osteocyte communication with osteoclasts. The role of osteocytes in bone regulation has been previously demonstrated in mice with osteocyte ablation. 7, 8 Osteocyte-less animals are resistant to hind limb suspension mainly due to downregulation of osteoclast Figure 4 . Supraphysiological loaded MLO-Y4 osteocytes enhanced osteoclast differentiation through released factors in condition medium. Mouse bone marrow cells were exposed to conditioned medium of stimulated MLO-Y4 (A). Sixty minutes of supraphysiological loading (B) induced the release of factors into the conditioned medium, resulting in increased number of TRAPC positive, multinucleated osteoclast, than physiological loading (C), but similar to stress shielding (D). Protein level of PGE2 (E) and RANKL (I) measured did not show any differences between the different mechanical loading regimes. Protein level of OPG (K) was higher in supraphysiological loading than in physiological loading or stress shielding. RANKL/OPG ratio on protein level (M) was lowest in supraphysiological loading and highest in physiological loading. Nitric oxide, released into the conditioned medium upon supraphysiologic loading, was measured after 5 (F), 15 (G), and 60 (H) minutes and was always higher compared to both, physiological loading and stress shielding. Gene expression of RANKL (J), OPG (L) was analyzed directly after mechanical stimulation, n ¼ 6 per group, data were normalized to physiological loading. Black arrow indicates TRAPC positive, multinucleated osteoclast. Scale bar indicates in (B-D) 100 mm.
ÃÃ p < 0.01, ÃÃÃ p < 0.005, ÃÃÃÃ p < 0.001, one-way ANOVA with Bonferroni correction.
SUPRAPHYSIOLOGICAL LOADING INDUCES OSTEOCYTE-MEDIATED OSTEOCLASTOGENESIS
activity, while non-osteocytic mechanosensory cells are capable to maintain the bone anabolic effect. 7 During bone remodeling, osteocytes communicate with osteoblasts directly via membrane proteins and/or hemichannels, and indirectly via paracrine regulation, e.g., sclerostin. However, not much is known about osteocyte-to-osteoblast communication compared to osteocyte-to-osteoclast communication. Osteocytes are the major provider for RANKL that is essential for osteoclast differentiation, function and survival. 11 Deletion of the gene for RANKL (TNFs11 gene) in SOST-Cre mice causes a substantial decrease in osteoclast activity resulting in an increased bone mass, which demonstrates the crucial role for osteocytes in bone degradation. 33 It has further been reported in another system that sinusoidal oscillatory fluid flow of different physiological magnitudes decreased the RANKL/OPG ratio on the gene expression level by increasing wall shear stress. 34 This is different to our results on supraphysiological loading. Several crucial factors, such as serum starvation before experiments and different shear stress regimes (i.e. oscillatory vs. pulsatile flow; sinusoidal vs. square) might explain these differences. Additionally, Li et al., starved the MLO-Y4 osteocytes for 12 h before fluid flow stimulation, which is commonly reported to result in apoptosis and increased release of RANKL, 30 and thereby create a higher baseline RANKL expression than in our study. Thus, a further increased expression of RANKL by overloading as observed in the current study would have been obscured by a such high baseline. The lack in alterations of RANKL and OPG gene expression and soluble RANKL concentrations as observed in our experiments is interesting, as we did find that bone marrow cells treated with conditioned medium from MLO-Y4 osteocytes exposed to supraphysiological loading induced more TRACP-positive multinucleated osteoclasts than physiological loading. Osteocytes activated by physiological mechanical loading produce many more soluble factors than just RANKL and OPG, like NO and PGE 2 , which play a critical role in the dynamic process of bone remodeling. 35, 36 NO production has been shown to inhibit osteoclast differentiation through release of unknown soluble factors. 37, 38 We found that supraphysiological loading increased NO production by 2.6-fold at all time points compared to physiological loading, and 44.5-fold compared to stress shielding. The NO excreted from MLO-Y4 osteocytes exposed to supraphysiological loading was associated with a high number of osteoclasts, while physiological loading on MLO-Y4 cells was correlated to a low number of osteoclasts. A similar biphasic effect has been reported earlier in animals 39 as well as in bone explant cultures 40 simulating inflammation-induced osteoporosis, where large amounts of NO, mainly produced through iNOS, induce osteoblast apoptosis and increased osteoclast formation resulting in increased bone resorption. 39, 40 Since increased apoptosis was not observed after loading in our study, other soluble factors might explain our observation that conditioned medium of supraphysiologically-stimulated osteocytes enhance osteoclastogenesis. The soluble factor PGE 2 which stimulates osteoclast lineage commitment and induction of differentiation of bone marrow-derived precursor cells into osteoclasts, 41 was not upregulated, even though upregulation of PGE 2 production by mechanically stimulated chicken osteocytes can be observed within 15 min. 9 Enhanced osteoclast differentiation in models for rheumatoid arthritis occurs after treatment with a combination of IL-1, IL-6, and TNF-a, which is sufficient for the activation of osteoclast precursors. 42 However, IL-6 mRNA expression and concentrations in the conditioned medium were unaffected directly after mechanical loading, suggesting that RANKL expression might be induced by other signals than apoptosis or inflammation. Taken together, our results suggest that currently unknown soluble factors capable to stimulate osteoclast differentiation might have been released in the conditioned medium.
Osteoclasts play an important role in the early micro-motion and predictive risk for prosthetic loosening. Treatment of these patients undergoing femoral arthroplasty with local and systemic bisphosphonates significantly reduces the micro-motion, which indicates the important role of osteoclasts in the early micromotion. In post-mortem retrieval studies, periprosthetic bone loss has been associated with areas of high pressurized fluid flow in the interlock between trabecular bone and PMMA cement, 3 which has also been found in patients prior a prosthetic revision. [22] [23] [24] These observations have been translated into a rat model for instability-induced osteolysis demonstrating that pressurized fluid flow is sufficient to stimulate osteoclast differentiation and bone loss within three days. 5 Although this is a clinically relevant animal model, the underlying cellular and physical mechanisms of this phenomenon have not yet been clarified. This indicates the urgent need for a high-throughput in vitro model that allows the exposure of cells to different flow profiles in a controlled manner.
The current in vitro model for bone implant loosening has several limitations that also exists in other in vitro models of mechanical loading. Our results are based on a 60 min loading regime, while longer or shorter loading episodes might also be relevant as well as a post-incubation situation. We used a 2-dimensional (2D) model that mimics a thin peri-prosthetic gap. Unfortunately, not much information is available on which cells are present in the peri-prosthetic interface in patients. Pressurized fluid, that is forced to flow may stimulate cells other than osteocytes that affect bone homeostasis. 7, 26 We used MLO-Y4 osteocytes in the current study, while these cells are embedded in the mineralized matrix in a 3D situation, where they might experience shear stress of a different magnitude as used in the current study. A cell line like MLO-Y4 osteocytes differ in some aspects from human osteocytes. They also show altered gene expression and shape compared to osteocytes in animals, such as low to undetectable levels of SOST, which is an important factor for bone formation. Osteocytes may require a mineralized matrix to express osteocyte specific genes, which is not provided in vitro for MLO-Y4 cells. 43 On the other hand, MLO-Y4 osteocytes are well-established and characterized, and often used for experimental studies on mechanotransduction in bone cells. 44 Despite the limitations, our current novel in vitro model for instability-induced bone implant loosening demonstrates for the first time that a supraphysiological loading induces osteoclast differentiation and increases membrane-bound RANKL expression in the absence of apoptosis or cell disruption. Soluble factors were released in the conditioned medium after treatment of the cells with this supraphysiological loading regime, which induced osteoclast differentiation. The main difference between the sinusoidal and square wave loading regimes used in this study are the flow velocity and the shear stress rate, which play an important role in the activation of bone cells, 18 as well as in the loosening of prostheses. 3, 25 In summary, the current novel in vitro model will allow researchers to explore the mechanical and molecular biological mechanisms involved in the instability-induced implant loosening in order to develop new treatment alternatives for aseptic loosening.
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